Abstract The present study evaluates, both functionally and biochemically, brain tumor-induced alterations in brain capillary endothelial cells. Brain tumors were induced in Balb/c mice via intracranial injection of Lewis Lung carcinoma cells into the right hemisphere of the mouse brain using stereotaxic apparatus. Blood-brain barrier (BBB) permeability was assessed at various stages of tumor development, using both radiolabeled tracer permeability and magnetic resonance imaging with gadolinium diethylene-triamine-pentaacetate contrast enhancement (Gad-DTPA). The expression of the drug efflux transporter, P-glycoprotein (P-gp), in the BBB at various stages of tumor development was also evaluated by Western blot and immunohistochemistry. Median mouse survival following tumor cell injection was 17 days. The permeability of the BBB to 3 H-mannitol was similar in both brain hemispheres at 7 and 10 days post-injection. By day 15, there was a twofold increase in 3 H-mannitol permeability in the tumor bearing hemispheres compared to the non-tumor hemispheres. Examination of BBB permeability with Gad-DTPA contrast enhanced MRI indicated cerebral vascular permeability changes were confined to the tumor area. The permeability increase observed at the later stages of tumor development correlated with an increase in cerebral vascular volume suggesting angiogenesis within the tumor bearing hemisphere. Furthermore, the Gad-DPTA enhancement observed within the tumor area was significantly less than Gad-DPTA enhancement within the circumventricular organs not protected by the BBB. Expression of P-gp in both the tumor bearing and non-tumor bearing portions of the brain appeared similar at all time points examined. These studies suggest that although BBB integrity is altered within the tumor site at later stages of development, the BBB is still functional and limiting in terms of solute and drug permeability in and around the tumor.
Introduction
The incidence of brain metastasis is increasing, with an estimated 170,000 new cases of brain metastasis diagnosed annually in the U.S. [1] . This increase is due in part to superior diagnostic techniques and to better treatment regimens for peripheral tumors, resulting in longer survival times for patients with peripheral tumors and therefore increased risk of developing brain metastasis. Of the solid organ tumors, lung cancer accounts for approximately 50 % of brain metastases [2] . The clinical impact of brain metastases in lung cancer is such that intracranial metastasis is present in an estimated 10-20 % of small cell lung cancer patients at initial diagnosis and in 80 % of patients at autopsy [3] .
While improvements in both drug design and drug dosing have resulted in significant advances in cancer treatment, brain tumor responsiveness to chemotherapy remains poor [4] . One of the primary reasons for this could be the specialized capillary endothelial cells that form the blood-brain barrier (BBB). An intact BBB represents a challenge to the effective delivery of chemotherapeutic agents. This is due to the tight cellular junctions, reduced pinocytic activity and absence of fenestrations that are characteristic of the brain endothelial cells that form the BBB [5] . Furthermore, the expression of efflux transporters such as P-glycoprotein (P-gp), multidrug-resistance associated proteins (MRPs), and breast cancer resistance protein (BCRP), within the brain microvessel endothelial cells act to further restrict the distribution of a wide variety of chemotherapeutic agents in brain [6, 7] .
It has been suggested that BBB integrity is compromised in brain tumors [8] . However, more recent data suggest that BBB permeability is heterogeneous within the tumor site and is dependent on the type of tumor and stage of tumor development [8, 9] . In the present study, a murine brain tumor model was used to comprehensively examine BBB function throughout tumor development. BBB integrity was examined at various stages of tumor development using both vascular permeability tracers as well as magnetic resonance imaging (MRI). The data suggest that the BBB remains intact throughout the early and intermediate stages of tumor development, with significant increases in BBB permeability occurring only during the final stages of tumor progression. The permeability increases appear to be confined to the tumor area as BBB integrity in non-tumor regions remained intact. Furthermore, even within the confines of the brain tumor, vascular permeability was still reduced compared to that observed in the circumventricular organs (CVO) outside of the BBB. Finally, expression of the drug efflux transporter protein, P-gp, in cerebral microvascular endothelial cells was present in both normal brain tissue and brain tumor tissue. These studies indicate that BBB is still an obstacle for delivery of chemotherapeutic agents and highlights the need for approaches that enhance the delivery of chemotherapeutic agents in the brain.
Materials and methods

Animals and tumor model
Female inbred Balb/c mice were used for the brain tumor model. Mice (15-20 g ) were purchased from Charles River Laboratories (Wilmington, MA) and fed a standard laboratory diet ad libitum. Mice were anesthetized and placed in a stereotaxic apparatus (Kopf instruments) for intracerebral implantation of the Lewis Lung Carcinoma (3LL) cells. A total of 5,000 3LL cells were suspended in 7.5 ll of serum free media and injected slowly over a 3-min period into the right hemisphere at a depth of 4 mm, 2 mm posterior of the bregma and 1 mm lateral of the coronal suture using a 25 ll Hamilton syringe fitted with a 31-gauge beveled needle. Mice were allowed to recover from anesthesia undisturbed before being returned to their respective cages.
A total of 31 mice were used for the tumor progression, survival and immunohistological studies, while 40 mice were used to assess BBB permeability during tumor progression. All animal studies were done in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC).
Survival analysis
Following tumor cell implantation, mice were provided food and water ad libitum and monitored daily for signs of tumor growth and progression. Tumor survival studies were performed using humane endpoints including loss of locomotor activity, and weight loss (up to 25 %). The survival time was measured from the day of tumor cell implantation to the day of euthanasia or death and median mouse survival time was calculated.
Assessment of tumor volume
For the tumor volume studies, mice were sacrificed on day 7, 10, 12, and 15 post-tumor injection. The brains were removed and fixed with formaldehyde 4 % w/v (FormaldeFresh Ò , Fisher Scientific). A series of coronal sections of the brain were made at 1 mm intervals and blocked in paraffin. Brain slices (6 lm) were cut from each serial section using a freezing microtome, and stained with hematoxylin and eosin (H & E) dye. The H & E stained slices were scanned and tumor volume determined based on serial slices from the captured images using a computer image analysis system (Image J; NIH, Bethesda, MD). The area analyzed spanned from 5 mm rostral to 5 mm caudal from the site of tumor cell injection.
In separate studies tumor volume was examined within the same mouse at 7, 12, and 15-day post tumor cell implantation using MRI techniques. Mice were anesthetized and secured in a Biospec 7T/21 cm spectrometer magnet (Bruker; Karlsruhe, Germany) equipped with Paravision 3.0 software. Coronal images of brain were obtained using T2-weighted spin echo (SE) pulse sequences with the following parameters: repetition time (TR)/echo time (TE) = 164,000/20.00 ms, slice thickness of 0.75 mm, FOV = 2.5 9 2.5 cm 2 , averages = 12, matrix size = 256 9 256, and resolution of 117 9 117 lm 2 . Quantitative analyses of tumor volume were performed by visually locating the tumor lesion on the T2-weight images and tumor volume was calculated from the selected regions of interest (ROI) from serial slices using Marevisi 3.5 software (Institute for Biodiagnostics, National Research Council, Canada).
Assessment of blood-barrier permeability
In order to establish the effect of tumor growth on the permeability of the BBB, cerebrovascular leakage of 3 Hmannitol, a low molecular weight marker (182.17 Da), and Evan's Blue (EB), a high molecular weight marker (approximately 65,000 Da) was evaluated 7, 10, 12, and 15 days after tumor implantation. Mice (n = 9) were anesthetized with ketamine (30 mg/ml)/xylazine (4 mg/ml) and a PBS solution containing 3 H mannitol (4 lCi/mouse) and EB (2 % w/v) was administered via bolus tail vein injection. After 10 min, blood samples were taken, the mouse sacrificed and brain samples removed. The right (tumor-bearing) and left (non-tumor bearing) brain hemispheres were separated and weighed. Capillary depletion was performed as described below. Samples (200 ll) were taken from the capillary depleted fractions and plasma and analyzed for 3 H mannitol using a liquid scintillation counter (Packard 2500 TR/AB). Values were expressed as the brain to plasma ratio. EB concentrations in the capillary depleted samples were determined spectrophotometrically. In brief, 200 ll samples were mixed with a 50 % trichloroacetic acid solution (1:1 volume) and the resulting absorption measured at 610 nm using a Shimadzu (UV-3600) spectrophotometer.
Vascular integrity within the tumor at various stages of development, was also assessed using gadolinium contrast enhanced MRI. Vascular integrity of tumor mice and nontumor mice (control mice) was examined prior to implantation (pre tumor injection) and on day 7, 12, and 15 post injection of tumor cells or vehicle, respectively, using gadolinium contrast enhanced MRI. For these studies, T1-weighted images were obtained using the same 7T magnetic described previously with the following parameters: repetition time of 750 ms, an echo time of 11.6 ms, a slice thickness of 0.75 mm, FOV was 2.5 9 2.5 cm 2 , averages = 12, matrix size was 256 9 256, and resolution was 117 9 117 lm 2 . Two sets of T1-weighted images were obtained. The first scan was done in the absence of Gadolinium diethylenetriaminepentaacetate contrast agent (Gad-DTPA). A second T1-weighted imaging scan was performed 10 min following an intravenous bolus injection of 0.4 mmol/kg of Gad-DTPA. The intensity of Gad-DTPA in the brain and at the tumor site was determined by the percent difference in pre and post-Gad-DTPA images according to the following formula using Paravision 3.0 software:
(Post-Gad-DTPA intensity from T1-weighted imagesPre-Gad-DTPA intensity from T1-weighted images) 7 PreGad-DTPA intensity from T1-weighted images 9 100.
Quantification of Gad-DTPA was accomplished by manually placing the ROI over either tumor or various nontumor regions using Marevisi 3.5 software (Institute for Biodiagnostics, National Research Council, Canada). For non-tumor regions, areas were selected contralateral to the tumor site. In addition, Gad DTPA contrast enhancement was examined in the left lateral ventricle to compare the changes in cerebral vascular permeability within the tumor site to vascular permeability in the circumventricular brain regions that lie outside the BBB. As the CVO are highly vascularized sites positioned at discrete regions around the ventricular system [10] , and the lateral ventricles are easily identified and located on MRI scans, the left (non-tumor) lateral ventricle was selected to assess permeability within CVO that have an incomplete BBB.
Capillary depletion
For the assessment of BBB permeability, determination of angiogenesis, and examination of P-gp expression, capillary depletion was performed as described [11] . Briefly, mice were sacrificed on various days post tumor cell injection (7-15 days). Sham mice receiving only intracranial injections of culture media were sacrificed on day 15 post-media injection. After the brain was removed, the right and left hemispheres were separated and weighed. The hemispheres were homogenized using a glass homogenizer in five times the volume of physiological buffer (HEPES 10 mM, NaCl 141 mM, KCl 4 mM, CaCl 2 2.8 mM, MgSO 4 1 mM, NaH 2 PO 4 1 mM, and D-glucose 10 mM) and 13 % dextran. The homogenate was then centrifuged at 5,4009g for 15 min at 4°C. The pellet containing the brain capillary endothelial cells was carefully separated from the supernatant containing brain parenchyma. For those mice receiving radiolabeled mannitol, aliquots (200 ll) from both the supernatant and pellet fractions were analyzed using a liquid scintillation counter (Packard 2500 TR/AB) to measure BBB permeability and cerebral vascular volume. The amount of 3 H-mannitol in the supernatant samples was indicative of tracer having passed through the BBB. The amount of radiolabeled mannitol retained in the brain capillary pellet was used to assess cerebrovascular volume. In both cases, the radioactivity in supernatant and pellet fractions was normalized based on the total activity present in the plasma. The protein content of the resulting capillary pellet from both the tumor-injected right hemisphere and non-tumor containing left hemisphere on days 7, 10, 12, and 15-post tumor injection was determined using the BCA method (Pierce, Rockford, IL).
Western blot analysis of P-glycoprotein
Cell lysates from the capillary-enriched pellet and capillarydepleted supernatant were denatured by heating at 95°C for 5 min and loaded onto 7.5 % polyacrylamide gels (BioRad, Hercules, CA). Electrophoresis of the molecular weight marker and samples was performed under a constant voltage (40 V) at room temperature for approximately 3 h. The protein bands were transferred to Millipore polyvinylidene fluoride (PVDF) membranes by applying a constant current of 240 mA for 1 h at 4°C. Membranes were washed and incubated with 0.3 % Tween-20 and 1 % BSA to block nonspecific binding sites on the membrane. The expression of P-gp protein was identified using P-gp antibody (Kamiya Biomedical, Seattle, WA). The membrane was exposed to primary antibodies overnight at 4°C. After washing, the membrane was incubated with a secondary horseradish peroxidase antimouse Ig antibody (1:1,500 dilution; Amersham Life Sciences, Cleveland, OH). The specific protein band was visualized using a chemiluminescence kit (Pierce, Rockford, IL). Expression of P-gp was performed on pooled samples from left (non-tumor) and right (tumor) brain hemisphere of mice at various stages of tumor development.
Immunohistochemical detection of P-glycoprotein Coronal brain slices (6 lm) were prepared as described above from formalin-fixed and paraffin embedded brain sections and mounted onto glass slides. After drying, slides were submerged in xylene solution to remove paraffin and re-hydrated in a series of 5 min washes in 100, 90, 80, 70 and 0 % ethanol solution. Formalin cross-links were removed by gently boiling slides in citric acid (4 mg/ml) and sodium citrate (1 mg/ml) solution for 40 min. Slides were cooled and rinsed with 5 mM Tris buffer and endogenous peroxidase activity was blocked using 3 % H 2 O 2 for 10 min at room temperature. Brain slices were exposed to blocking buffer (10 % goat serum in phosphate buffered saline (PBS) solution with 1 % bovine serum albumin) for 30 min at room temperature. To minimize non-specific binding of the primary antibody, slides were incubated for an additional 60 min at room temperature with a 1:10 dilution of unconjugated goat-anti-mouse IgG in PBS containing 1 % bovine serum albumin. Slides were washed and incubated at 4°C overnight in PBS solution containing primary C219 antibody (1:40 dilution). After washing, secondary antibody (biotin-SP-conjugated goat-anti-mouse IgG) was added at a dilution of 1:500 for 20 min at room temperature. Slides were washed and incubated for 20 min at room temperature with 1:500 dilution of HRP-Streptavidin (Vector Labs; location). Brain slices were stained with DAB and counterstained with haematoxylin.
Statistical analysis
Statistical analysis of BBB permeability and cerebral vascular volume was evaluated using the paired Student's t test. The values of left (non-tumor bearing) hemisphere were compared with the values in right (tumor bearing) hemisphere. Changes in tumor volume and GAD-DTPA enhancement were analyzed using ANOVA.
Results
Survival studies and tumor progression
All mice injected with 3LL cells developed brain tumors (Fig. 1) . Using humane endpoints in determination of survival time, mice implanted with 3LL tumor cells survived a median of 17 days (Fig. 1) . The progression of the tumor was rapid with 100 % of the mice surviving to 15 days posttumor cell implantation, however none of the mice survived past day 19 (Fig. 1) . The earliest outward sign of tumor burden typically occurred within 10 days post-innoculation and was manifested as weight loss (\10 % body weight). This was followed by a period of 1-4 days of further weight loss, hunchback posture, and diminished locomotor activity. Based on the survival studies, additional mice were examined for tumor development using both MRI and histochemical analysis. Tumor was consistently evident microscopically 7 days after tumor implantation in mice. Both qualitative (histological) and quantitative (tumor volume estimates) examination of tumor progression indicates a rapidly expanding tumor area in the brain, reaching 2 ± 1 and 30 ± 12 mm 3 by day 7 and 12 post-tumor cell implantation, respectively (Fig. 2) . By day 15, there was a widely visible tumor mass present that occupied as much as 75 % of the right brain hemisphere and had reached a volume of approximately 77 ± 28 mm 3 (Fig. 2) . The impact of tumor growth on cerebral vascular angiogenesis was determined by measuring both the protein and 3 H-mannitol content in the capillary pellet from the tumor-bearing right brain hemisphere and the non-tumor bearing left hemisphere at various days during tumor development. At days 7 and 10 post tumor cell implantation, the fraction of administered 3 H-mannitol present in the capillary pellet was approximately 0.005 (Fig. 3A) . Furthermore, there were no differences in 3 H-mannitol content in the capillary fractions taken from the right (tumor bearing) versus left (non-tumor bearing) brain hemispheres from day 7 and day 10 mice (Fig. 3A) . However, by day 12, there was a slight but significant (p value = 0.04) increase in 3 H-mannitol content in the capillary fraction from the right hemisphere compared to that observed in the left hemisphere (Fig. 3A) . Differences in radiolabeled mannitol content in the vascular pellet was even greater at day 15 post tumor cell implantation, with an almost twofold increase in radiolabeled mannitol content from the right hemisphere capillary fraction compared to the left hemisphere (p value = 0.008) (Fig. 3A) . Similar data were obtained with protein content in the capillary fractions from the right and left brain hemispheres with significant enhancement in protein observed within the right hemisphere capillary pellet at day 12 and 15 post tumor cell implantation (Fig. 3B) .
Permeability assessment in brain and tumor microvasculature Blood-brain barrier permeability was examined at various stages of tumor development using both small molecule ( 3 H-mannitol) and large molecule (EB) permeability markers. In the sham operated mice, 3 H-mannitol had a brain-to-plasma ratio of approximately 5 % in both the right and left brain hemispheres (Fig. 4) . The amount of radiolabeled mannitol present in the left (non-tumor bearing) hemisphere from tumor cell injected mice was similar to that found in the sham operated mice at all time points examined (Fig. 4 ). There were no significant differences observed in radiolabeled mannitol permeability in the right (tumor-bearing) hemisphere compared to the left hemisphere in mice at 7-day (p = 0.102) and 10-day (p = 0.06) post tumor cell implantation (Fig. 4) . However, there was a statistically significant increase in 3 H-mannitol permeability observed in the right hemisphere in mice by 12-days (p = 0.004) post tumor cell implantation (Fig. 4) . By 15-day post tumor cell implantation, there was an even greater increase in 3 H-mannitol permeability (approximately twofold) in the right hemisphere compared to the left hemisphere (Fig. 4) . Despite the increases in 3 H-mannitol penetration observed in the tumor bearing portion of the brain, quantitative assessment of EB accumulation in the capillary depleted fractions from both right and left hemispheres were comparable to the sham mice at all time points examined (data not shown).
Similar results were obtained using Gad-DTPA enhanced MRI to assess BBB integrity. Representative images of Gad-DTPA from mice at various stages of tumor development are shown in Fig. 5A . Quantitative assessment of percent enhancement of MR image following Gad-DTPA injection in tumor bearing mice at 7-day was similar to that observed in sham operated mice. However, by day 12 of tumor cell implantation, there was visible leakage observed in all the mice examined. The mean percent enhancement of MR images in the tumor mice at 12-day was approximately threefold higher than the control mice (Fig. 5B ). An even larger area of Gad-DTPA leakage was observed by 15-day post tumor cell implantation with a ninefold increase in tumor bearing mice compared to control mice (Fig. 5B) . The extent of the changes in cerebral microvessel permeability was further assessed in the tumor region and compared to that in non-tumor brain tissue as well as the CVO residing around the lateral ventricle that lie outside of the BBB. There were approximately tenfold increases in Gad-DTPA intensity within the tumor region compared to non-tumor regions in the contralateral hemisphere observed at both 12 and 15-days post tumor cell implantation, however, this was still significantly less (p = 0.041 and p = 0.050, respectively) than Gad-DTPA enhancement within the ventricles (Fig. 5C ).
P-glycoprotein expression
To examine tumor-dependent alterations in P-gp expression in the microvasculature of the brain, western blots were performed using capillary enriched fractions of the tumor injected mouse brains at day 7, 10, 12, and 15 days post-tumor cell inoculation, and in sham mice at day 15 (Fig. 6 ). Examination of P-gp expression in the capillary enriched fractions indicated no statistical differences in P-gp expression in the tumor containing hemisphere compared to the non-tumor bearing hemisphere at any of the days examined (Fig. 6B) . Immunohistochemical examination of the brain slices showed strong P-gp staining within the cerebral microvasculature with no apparent difference in P-gp staining in tumor versus non-tumor sections (Data not shown).
Discussion
The incidence of metastases to the brain is approximately 10 % for all cancer patients [12] , with lung, breast and melanoma having the highest rate of occurrence [13, 14] . In the case of lung tumor, metastases to the brain are a frequent complication present in 10 % of patients at time of diagnosis and in approximately 40 % of all lung cancer patients during the course of their disease [15] . Treatment of lung metastases to the brain has focused primarily on whole brain radiation therapy and surgery [16] . Radiosurgical approaches also provide a non-invasive treatment option for treating metastatic brain tumors [17, 18] . However, regardless of the various treatment options, prognosis and long-term survival for metastatic brain tumors remain poor [19] . Chemotherapeutic options for treating metastatic brain tumors are limited and primarily reserved for clinical trials [20] . The role of the BBB in the limited chemotherapeutic responses of brain tumors remains a fundamental issue. In the clinical setting, studies by Vogelbaum and colleagues measured the extravasation of S100beta, an astrocytic protein, into serum as a potential biomarker for brain tumors. The study consisted of 38 patients with newly diagnosed lung carcinoma and no neurologic symptoms or known history of brain metastasis [21] . The study demonstrated significantly elevated levels of S100b in serum, which would suggest that BBB integrity is compromised in these patients [21] . This is consistent with other studies demonstrating that tumor cells infiltrating peritumoral brain tissue caused histological changes within the blood vessels resulting in structural characteristics associated with a leaky vasculature [22] . However, there is no clear consensus on BBB permeability within and around the tumor site. Studies by Regina et al. [23] , reported that specific morphological characteristics of the BBB were maintained at the cellular level in brain tumor.
Perhaps the most convincing argument for the BBB having a role in the limited effectiveness of chemotherapeutic agents in treating most brain tumors is the observation that the same tumor cell that is resistant to chemotherapeutics when found in the brain is significantly Fig. 4 Permeability of radiolabelled mannitol across the blood brain barrier in tumor bearing mice. Mice at different stages of tumor development were given i.v. injections of radiolabelled mannitol. Animals were sacrificed and the brain separated into right (tumorbearing) and left (non-tumor bearing) hemispheres. The data are presented as the percent brain to plasma ratio of the resulting radioactivity. Each data point is the mean ± sem of at least 6-8 mice. *p \ 0.05 compared to left hemisphere at same day as assessed using Student paired t test responsive when located at sites outside the brain [24] . This is re-enforced in the studies by Wolff et al. [25] examining the in vitro cytotoxicity of a large panel of chemotherapeutic agents in various human, rat, and mouse glioma cells. Even in the most resistant cells, substantial cytotoxicity was observed with chemotherapeutic agents that are normally ineffective in the clinical treatment of brain tumors. Furthermore, BCNU, an agent commonly used clinically to treat brain tumors was among the least effective of all the chemotherapeutics examined in the in vitro cytotoxicity studies. This suggests the resistance of brain tumors to chemotherapeutic agents is due, in large part, from the failure to obtain appropriate therapeutic concentrations of the drugs in the brain. Indeed, a retrospective evaluation of tumor responsiveness to chemotherapeutic agents found a favorable response to chemotherapy was only around 45 % in patients with small cell lung cancer brain metastases. One of the main contributing factors to the low response rate was inaccessibility to anti-cancer agents due to the BBB [22] . Thus these studies suggest that BBB integrity remains intact, at least to the extent that significant delivery of chemotherapeutic agents is compromised, and that improving the permeability of chemotherapeutic agents in the BBB may have a substantial impact on the treatment of brain tumors.
The goal of the present study was to evaluate BBB permeability throughout various stages of tumor growth in a murine brain tumor model relevant to metastatic brain tumors. The model consisted of 3LL cells implanted directly into the brain of Balb/c mice. In the present study, the resulting brain tumor progressed rapidly with a median survival time of 17 days and with none of the mice surviving past 19 days. Histological examination and MRI indicated the tumor progresses as a relatively defined mass with no micrometastases observed. The 3LL tumor cell line is a lung carcinoma originally isolated from the C57BL/6 mouse strain [26] . However implanting 3LL cells into allogeneic recipients, including Balb/c, allows assessment of local tumor development at the site of implantation without spontaneous metastases to other tissue [27] . Interestingly, this is not due to lack of migration of the cells from the primary site, but to immunogenetic restrictions in tumor development within the allogeneic host. The model used in the current study differs from other metastatic models in which the tumor cells are injected either via the left ventricle or carotid artery [28] [29] [30] . While the other models are invaluable for examination of mechanisms for cell migration and metastasis in the brain, the rate and number of brain metastasis is variable and confounded by the potential development of metastatic tumors at peripheral sites. Given the focus of the present study, the intracranial implantation of 3LL cells into Balb/c mice was selected to examine tumor induced alterations in BBB function and the implications of this from a drug delivery standpoint.
The present study examined BBB permeability during various stages of tumor progression using two complimentary methods. The first method used radiolabeled small molecule tracer, 3 H-mannitol and large macromolecule tracer dye, EB, to assess permeability alterations. For the small molecule tracer, the current study shows that the BBB remains intact early on in tumor progression (up to 10 days post tumor cell implantation), and becomes leaky only after tumor mass has progressed to approximately 10 mm 3 or more (i.e. 12-day post tumor cell implantation and beyond). However, even though BBB integrity to the small hydrophilic vascular permeability agent was significantly altered at the later stages of tumor development, permeability to EB, a dye that binds with high affinity to albumin, remained unchanged. This suggests that although tight junctions are disrupted, the wholesale breakdown of BBB integrity observed with other CNS pathologies does not occur in this particular brain tumor model. These findings were confirmed using MRI techniques to monitor BBB permeability during tumor progression. In the present study Gad-DTPA enhanced contrast agent was used to quantitatively measure BBB changes during tumor progression. There was essentially no Gad-DTPA contrast agent observed in the brains of the sham operated mice, indicating that the surgical implantation of tumor cells did not lead to vascular leakage. Likewise, there was no Gad-DTPA contrast agent observed in the brains of tumor bearing mice at 7 days post tumor implantation, suggesting no alterations in BBB permeability at this early stage of tumor development. However, there was significant enhancement of the Gad-DTPA contrast agent in the brain of tumor mice at 12 and 15-days post tumor cell implantation.
Interestingly, the changes in BBB permeability observed in tumors at the later stages of development in the present study occurred along the same time frame as increased angiogenesis within the tumor. At the most advanced stages of tumor development examined (i.e. day 15) there was an approximately twofold increase in cerebral microvasculature volume. This increase coincides with the dramatic enhancement in BBB permeability observed in the tumor regions at day 15. The 3LL tumor metastases to the brain are characterized by increased angiogenesis to support tumor growth [31] . This is consistent with other metastatic brain tumor models. For instance, studies indicated that the BBB was intact in the early stages of human metastatic brain tumor growth in nude mice [32] . In these studies in which human breast cancer cells were implanted in the brain, it was observed that, the BBB remained intact in tumors smaller than 0.25 mm in diameter, but was leaky in larger metastases [32] . A similar finding of alterations in BBB permeability as a function of tumor progression have also been demonstrated in studies using a mouse melanoma metastatic brain tumor model [33] . Together these studies highlight the impact of tumor development on BBB permeability in metastatic brain tumor models.
Gadolinium enhanced contrast MRI is commonly used clinically to examine BBB integrity and identify brain tumors with enhanced vascular permeability [34] . Additional advantages of using MRI and Gad-DTPA enhanced contrast agent to assess BBB permeability in the current study was the ability to monitor permeability changes within the same animal and the ability to examine regional differences in BBB permeability. Thus, while Gad-DTPA contrast revealed significant leakage within the tumor site, as much as ninefold enhancement by day 15 post-tumor cell implantation, there was little if any enhancement observed outside of the tumor margins. These findings, together with the radiolabeled mannitol permeability assessments in the right and left hemispheres, suggest that the alterations in BBB permeability observed during later stages of tumor development are confined to regions within the tumor itself. The implication of this finding is that the presence of an intact BBB surrounding the tumor would create a substantial concentration gradient between the tumor and non-tumor regions of the brain. As a result of the concentration gradient, there would be diffusion of the chemotherapeutic agent away from the tumor into nontumor sites of lower concentration. Furthermore, while the tumor vasculature was leaky compared to the normal BBB, the magnitude of Gad-DTPA contrast enhancement observed in the tumor regions was still significantly less than the ventricle regions that lie outside the BBB (Fig. 5C) . Thus, the present studies indicate that despite the apparent leakiness of the tumor vasculature, there are still barrier properties that would restrict drug permeability in the brain tumor. These findings are consistent with those of Lockman and colleagues (2010) demonstrating that even in breast cancer metastatic brain tumor models with disrupted BBB function, the resulting concentration of therapeutic agents within the tumor site were sub-optimal for effecting tumor growth. These studies highlight the importance of an intact BBB around the tumor site and suggest the resistance of brain tumors, even relatively leaky brain tumors, to chemotherapeutic agents may stem from the failure to obtain appropriate therapeutic concentrations of the drugs throughout the brain.
The increases in BBB permeability of radiolabeled mannitol and Gad-DTPA contrast agent observed in the later stages of brain tumor development are consistent with a breakdown of the tight junction complexes of the brain endothelial cells that limit paracellular diffusion. Indeed, both Gad-DTPA and radiolabeled mannitol are hydrophilic solutes with low BBB permeability under normal conditions and no known transporter interactions at the BBB. This is in contrast to many chemotherapeutic agents that are hydrophobic in nature and rely primarily on transcellular diffusion and transport processes for entry into the brain. Thus in addition to tight junctional complexes that act to restrict paracellular diffusion, the expression of drug efflux transporters at the BBB and the brain tumor barrier (BTB) may also limit distribution of chemotherapeutic agents in the brain [35] . The most extensively studied drug efflux transporter in the BBB is P-gp. As P-gp transports a variety of drugs, its expression within the brain endothelial cells forming the BBB could impact on a wide range of chemotherapeutic agents [36] . Indeed, using a mouse glioblastoma brain tumor model, Fellner and colleagues reported that systemic administration of paclitaxel, a P-gp substrate, did not affect tumor volume. However, coadministration of paclitaxel (intravenous) and PSC833, an inhibitor of P-gp, resulted in significant reductions in tumor volume in treated mice by 90 % [37] . Thus, P-gp is an important obstacle preventing paclitaxel entry into the brain, and inhibition of this transporter allows the drug to reach sensitive tumors within the CNS [37] . These findings are consistent with a role for P-gp in the resistance of some brain tumors to chemotherapy agents [38] .
Given the important contribution of P-gp in restricting chemotherapeutic permeability in the BBB, an additional concern is the potential influence of tumor progression on P-gp expression within the BBB. Recent studies indicate down regulation of drug efflux transporter expression in cerebral vascular cells within the tumor regions of patients with primary central nervous system lymphoma [39] . In contrast, an increased expression of drug efflux transporters have been reported in other CNS tumors such as ependymomas [40] . In the 3LL brain tumor model used in the present study, P-gp expression was observed throughout brain tumor development. As P-gp was not expressed in the tumor cells, the main source is likely the brain capillary endothelial cells. While additional studies are required, initial assessment suggests P-gp expression is similar in both the normal BBB and the BTB. These findings indicate that even at the later stages when BBB permeability is compromised, P-gp is likely to be functional and may limit chemotherapeutic delivery to the tumor site. Future studies with P-gp imaging agents should provide important information concerning P-gp function in the BBB and BTB sites.
In summary, we have successfully established a brain tumor model in mice using 3LL cells. In this model, the BBB was intact at the initial stages of brain tumor development (Fig. 4, 5 ) with significant increases in BBB permeability only observed at the later stages as tumor mass increased. Furthermore, there were no changes in P-gp expression within the BBB at any of the time points examined following tumor cell implantation (Fig. 6 ). Based on these findings it would appear that modification of BBB permeability either through barrier disruption techniques [41] [42] [43] or pharmacological inhibition of drug efflux transporters could have a favorable impact on brain tumor responsiveness to chemotherapeutic agents.
